The development of electric and hybrid vehicles has gained increasing attention in recent years. In this paper a permanent magnet synchronous motor (PMSM) is used as an electric drive machine. The operation of a PMSM is done through the solar photovoltaic generator (GPV). This can be done by use of boost converter and MPPT control. The speed and torque control of the PMSM drive used as the solar vehicle is controlled by proper PI controllers. A three-phase inverter using IGBT switches is simulated, in which the switching sequences are controlled by space vector pulse width modulation (SVPWM). A dynamic model of a PMSM drive suitable for solar vehicles is simulated and proper closed-loop control is established by a field-oriented control method. The entire work is done in Matlab/Simulink®.
Introduction
Severe environmental conditions, shortage of fossil fuels and eternal energy from the sun have motivated researchers towards the photovoltaic generator (GPV) array to generate electrical power for various applications (Ding et al., 2010) . Of all the renewable resources, energy availability from solar is remarkably high. GPV systems are used to size solar power nowadays (Khaigh and Onar, 2010) . GPV systems have many applications such as electrical power generation, solar vehicles (SVs), and water pumping (Villalva et al., 2009) .
SVs are some of the alternative applications for the future transportation using solar energy. However, the major drawbacks of these vehicles are their limited speed range and their high charging time (Lakshmi et al., 2013) .
Research development on SV has focused on various aspects of design, such as component architecture, engine efficiency, materials for lighter components, power electronics, efficient motors, and high power density batteries. Decreasing fuel consumption and minimising the harmful effects of the automobile on the environment have been the primary motivations.
To provide the maximum possible power in varying conditions, the control system aims to regulate the PV generators so that they are always at the maximum power point (MPP) (which changes according to solar radiation, panel temperature and load characteristics). Therefore, a maximum power point tracking (MPPT) strategy is used to obtain the maximum available power from the panel (Hussein et al., 2002) . Many methods have been developed to determine MPPT. The incremental conductance (IC) algorithm is used in this work due to its implementation simplicity and the low cost of the corresponding electronic (Jeddi and ElAmraoui, 2014a) .
Typically, the electric motor allows a large torque to be produced at low speed, and offers a wide speed variation range. It may be possible to develop lighter, more compact, more efficient systems by taking advantages of the characteristics of electric motors. Many types of motor drives have been applied to SVs, including DC motor drives, induction motor (IM) drives, permanent magnet synchronous motor (PMSM) drives, and switched reluctance motor (SRM) drives. The advantages of PMSM over the other types are their low inertia, high efficiency, power density, reliability, and less maintenance. Therefore, PMSMs are ideal for SV applications where accurate torque control is required (Xue et al., 2008; Mohamed et al., 2012) . The PMSM machines are designed to operate not only in the constant torque mode, when their speed is below the rated speed, but also in the constant power mode when the speed is above the rated speed. In this way, the cost and size of the overall drive system can be significantly reduced. The constant torque operation of PMSM motors can be easily achieved by conventional vector control (Krishnan, 2010; Moussa et al., 2012) .
In this paper a PMSM drive system suitable for SVs is studied. This system is supplied by PV generator via a boost converter whose duty cycle is controlled using a specific MPPT controller. A battery pack is implemented to supply the motor when the power generated from PV is low or not sufficient to develop the speed reference. The PMSM is fed by three phase inverter with IGBT transistors. The pulses for the switches are generated by using space vector pulse width modulation (SVPWM). The closed-loop PI control using field oriented control (FOC) is simulated for PMSM drive to control the speed and torque characteristics of the drive.
The paper is structured as follows. Section 2 provides a description of the proposed drive system based on PMSM. Section 3 presents the design of the GPV array. In Sections 4 and 5, the sizing of the DC converter and the MPPT control strategy are respectively presented. Section 6 describes the use of SVPWM for the digital control of the voltage source inverters (VSI). The PMSM drive dynamic model in the d-q reference frame is presented in Section 7 and a control strategy of the latter is presented in Section 8. In Section 9, some results and discussion are presented to validate the performances of the designed system for speed control. Section 10 presents conclusions and future works.
Motor drive system description
Electric vehicles (EV) are vehicles that use electrical energy sources, such as, GPV, fuel cells (FCs), batteries and super capacitors (SCs) to power a traction drive system. In EV, the traction drive system is based on electrical in-wheel motors and their electronic control devices. Thus the system, mass, and volume can be decreased, and the mechanical transmission between the road wheel and steering wheel is eliminated. Figure 1 shows a simplified schematic diagram of the traction drive system for SV. 
GPV
In this paper, the modelling and the management of the battery's power system are not considered. We are interested only in the direct supply chain of the drive system, powered by the GPV. The direct supply chain system comprises a solar PV generator, a boost converter, a three-phase inverter; a PMS motor that drives a variable mechanical load, and a speed controller, Figure 2 . 
The boost converter is used to generate the desired output voltage for the inverter by adjusting its duty cycle according to the MPPT algorithm. An adequate regulation of PMSM speed is achieved by the inverter, which is controlled using SVPWM, and a cascaded PI controller.
The GPV array, the boost and the PMSM are designed according to the requirements of the proposed application. The PMSM is fixed to 1.1 kW. The apparent powers of the boost as well as the inverter are fixed to 1.2 kVA.
On the basis of these selected powers, each block of the configuration shown in Figure 2 is designed as described in the following sections.
Design of GPV array
The PV generator consists of many photovoltaic modules adequately connected in series and parallel to provide the desired voltage and current required by the system. The specific characteristics of the PV generator generally depend on the number of modules connected in series (N s ) and parallel (N p ), selected according to the type of solar modules used, the expected solar radiation, and ambient temperature of the location where the PV generator would be used. The equivalent circuit for each solar module, internally arranged in N p parallel and N s series cells, is shown in Figure 3 : where I pv and V pv are the PV array's current and voltage, respectively, I g is the cell's photocurrent; R sh and R s are the intrinsic shunt and series resistances of the cell. Since R sh is very large and R s is very small, these terms can be neglected to simplify the electrical model. A mathematical model developed to simulate the GPV characteristics (Jeddi and ElAmraoui, 2014b; Faranda and Leva, 2008; Pandey et al., 2008 ) is given by:
All the variables of the paper are described in the Nomenclature. The photocurrent, which mainly depends on the solar radiation received by each PV cell and its working temperature, is described by:
In addition, the cell saturation current varies with the cell temperature, which is described as:
GPV with a high power generating capacity is designed considering the practical situations, where some of the generated power is lost at conversion stages and motoring action, affecting the system performances. The GPV panel is designed in view of the satisfactory, reliable and efficient performance of the developed system regardless of the operating conditions. This block is designed at standard conditions (1,000W/m 2 , 25°C). First, a PMSM motor of 1.1 kW, 3,000 rpm @ 230 VDC and then, accordingly, a GPV of 1.3 kW peak power rating, slightly more than required by PMSM.
A solar MSX-60PV module is selected to achieve a PV array of appropriate size. The electrical specifications of this module are indicated in Table 1 . Table 1 Electrical specifications of the MSX-60 PV module
Description Value Unit
Number of cells in series (N s ) 36 -
The GPV with a peak power generating capacity of P mpp = 1.3 kW is designed for the proposed system. The GPV is designed for peak power capacity P mpp = 1.3 kW. First, a PV module of 36 cells connected in series is designed to produce a maximum voltage (V pv ) of 17.1 V and a maximum current (I pv ) of 3.5 A at standard conditions. The voltage of the GPV at MPP is considered as V mpp = 139V, in view of the DC link voltage of the inverter (V dc ), which is the output voltage of the boost and the DC rated voltage of the PMSM.
The current I mpp generated by the GPV at MPP, is given by:
1, 300 9.4 139
The numbers of modules required to be connected in series are:
The numbers of modules required to be connected in parallel are:
9.4 2.68 3 3.5 mpp p pv
Based on these estimated values of N s and N p , the proposed GPV consists of eight modules connected in series and three modules in parallel. The next section is dedicated to the power converter design.
Design of DC-DC boost converter
The boost converter is used to feed the active power from GPV to the DC link capacitor connected to the three-phase inverter supplying PMSM. The boost converter is a power converter whose output voltage is higher than its input. This converter is one of the most important non-isolated set-up converters (Lakshmi et al., 2013; Maksimovic et al., 2001 ). The main advantages of the boost converter are: high efficiency, reduced component number and conversion of unregulated voltage into desired regulated voltage by varying the duty cycle at high switching frequency. Figure 4 shows a continuous conduction mode operation of DC-DC boost converter. The relation between the input V pv and output V dc converter voltage (also valid for currents) in the steady state is given by:
where α is the duty cycle of the converter.
The selection of the values of the inductance L and the capacitor C is very important to reduce the input current ripple ΔI and the output voltage ripple ΔV s for a given switching frequency F s (Lakshmi et al., 2013) .
The input boost inductance L is given by:
The value of the DC link capacitor C can be estimated by:
The specifications for the DC-DC boost converter are presented in Table 2 . In the next section, the MPPT control strategy is presented.
MPPT control strategy
MPPT is essentially a real time process to locate the combination of current and voltages at the output of the PV generator. This process gives the maximum possible power that can be extracted from the PV under given operating conditions. 
An IC algorithm with direct duty ratio control is used to impose the optimum operating point on the GPV. The IC technique is preferred because of its precise tracking performance and less confusion under dynamic conditions (Trishan and Patrick, 2007) . The principle of this control algorithm is the use of voltage derivative and current to track the MPP.
The IC technique compares the rate of the changes in current over voltage dI/dV and the ratio of current over voltage I/V.
The rate dI/dV is referred to as the IC while the change in current over voltage I/V is referred to as array conductance (Raedani and Hanif, 2014) . Similarly to perturb and observe (P&O) technique, the value of the perturbation is constant and the output oscillates around those of the MPP. The flowchart of the MPPT control technique is shown in Figure 5 .
In addition, two first-order low-pass filters with cut-off frequency of 250 Hz are introduced to avoid the sampling noise of the MPPT input voltage and current.
Space vector pulse width modulation
Space vector modulation (SVM) is one of the most popular real-time pulse width modulation (PWM) techniques and is widely used for digital control of VSI. As shown in Figure 6 , there are six switching devices. At each operating period only two devices are switched on. Two switches of the same leg can not simultaneously conduct. The power switches in the inverter are driven under switch conditions corresponding to selected vectors, (---, --+,…, +++), '-' for off and '+' for on (Yu et al., 1997) . The three sinusoidal and balanced voltages are given by the equations:
V An , V Bn and V Cn are applied to the three-phase PMSM, with respect to equation (13). 
Double edge modulation of reference voltage V Ao , V Bo and V Co are given by:
( 1 6 ) Table 3 Inverter switching states Table 3 gives a summary of the switching states and the corresponding phase-to-neutral voltage for the isolated neutral machine case.
Dynamic model of PMSM
To study the control of the PMSM, Park transformation is applied to the stator variables; this is the most important transformation in FOC. For a rotor position θ; the angular speed is given by:
Three-phase voltages, varying in time along the axes a, band c, can be mathematically transformed into two-phase voltages, varying in time along the axes d and q, the obtained equations being given by (Mahmoudi and Essalmi, 2013; Chenni et al., 2006) :
( 1 8 ) The torque developed by the machine is:
Or by using only the currents:
The mechanical equation takes the following form:
The fluxes are linked to current by the following equations: The parameters used in the motor equations are given in Table 4 .
Control strategy of the PMSM

Principle of the control strategy
Analysing equations (18) to (23), governing the operation of PMSM, it can be seen that the model is nonlinear and is coupled. In fact, the concept of control by oriented flux is used to define a decoupled model of the PMSM. The principle of this concept is similar to the Control by Oriented Field to an IM, unless the rotor position, in this case is the reference angle; therefore, there is no need for a model of flux. The best choice for the PMSM operation is obtained for an internal angle of the machine δ = ±π/2 (I ds = 0), where the operation mode is optimal because the motor, in this case, produces a maximum torque. Indeed, the expression of the torque shows that the torque control is governed by currents control (I ds and I qs ). In the case of a smooth pole machine (L d = L q ) the torque is maximum for I ds = 0, while for the case of a salient pole machine, the torque is maximum for an optimum value of I ds to be calculated.
Also, the annulment of I ds causes a reduction of the stator current, which enables the PMSM to operate in a non-saturated region (Ghazel et al., 1996) . To validate the decoupled model and to obtain high dynamic performances with a simple structure, the simulations are carried out by use of the block diagram of Figure 9 . 
Current control
The stator currents are controlled by proportional and integral type regulators (PI) whose transfer function is (Mahmoudi and Essalmi, 2013; Ghazel et al., 1996) .
The current control loop is represented in Figure 10 . 
I
The same control loop is applied to current I qs . Stator current corresponds to a first-order integrating object. In fact, the use of the pole placement method allows the k p and k i parameters of the PI-controller to be determined (Tang et al., 2003) . Therefore, the resulting adjustment parameters take the form:
( 2 7 ) where τ e represents the time constant of the electrical part and β characterises the acceleration of the current loop corresponding to the ratio of the actual dynamics and the desired dynamics.
The values of the current PI-controller in the q-axis are calculated in a similar way that described for the d-axis.
Speed control
In the conditions of controlling currents with compensation, the situation has effectively become similar to that of the DC motor. This facilitates the design of speed control. Thus, the adjustment can be envisaged according to the block diagram in Figure 11 , where the adopted controller is a PI controller. The choice for such a regulator is guided by:
• the improvement of stability in closed-loop
• the simplicity of its realisation (simple algorithm) (Chenni et al., 2006) • the knowledge and mastery of this type of controller and its application in industry
• the control robustness. 
Simulation results and discussion
The model of the stand-alone solar PV-based PMSM drive system for SV application is developed using Matlab/Simulink® and its toolbox Sim PowerSystem. The performance of the PV-based PMSM drive system for this application is evaluated under various operating conditions and observed in terms of PV voltage (V pv ), PV currents (I pv ), PMSM currents (I abc ), PMSM speed (ω m ), electromagnetic torque and load torque (T m ,T l ), DC link voltage (V dc ) and current (I dc ). Figure 12 depicts the various GPV array indices. Solar irradiance level (G), ambient temperature (T), GPV array voltage (V pv ), GPV array current (I pv ), and GPV array power (P pv ). The GPV system operates under variations levels of solar irradiance and temperature. It is clearly visible that the GPV array voltage and current are not constant under dynamically changing atmospheric condition. Since the proposed system is designed considering the standard value of G, GPV indices reach their rated value at 1,000W/m2. At this value the voltage and current of the GPV are respectively Vpv = 139 V and Ipv = 10.5 A. Figure 12 show satisfactory tracking performance of the IC-MPPT at various solar insolation levels and even under the rapid change in temperature levels. A small value of the increment size, ΔD is selected as, ΔD = 0.001 and used in the IC-MPPT algorithm to start the PMSM.
Performance of the GPV AND IC-MPPT algorithm
Performance of boost converter
The various performance indices of the Boost converter, current flowing through the input inductor, I dc and the voltage across the DC link of the inverter V dc are illustrated in Figure 13 . All these indices instantly follow the variation in G and T. Figure 12 clearly demonstrates the operation of the Boost converter in continuous conduction mode. High frequency switching avoids the ripple contents in voltage and current.
It can be observed that the DC link voltage in the output of the Boost Converter is maintained at 220 V for supplying the inverter. Figure 14 show that the IC algorithm gives practically the same result for the input power. The algorithms track the MPP quite accurately under variations in irradiance and temperature. 
PV Power Boost Power
The efficiency of the boost converter is 85%.
Performance of PMSM speed control
The speed characteristics of the motor drive for different solar irradiation levels, Figure 12 (a), and many speed ranges are presented in Figure 15 . The control strategy shows the performance of the SV drive system based on PMSM under steady state operation at the rated condition. The PMSM drive is running for variable speed, following the reference profile. The electromagnetic torque (T m ) developed by the studied PMSM is illustrated in Figure16. It coincides with the load torque (T l ). The motor exerts an electromagnetic torque (rated torque) over the entire speed range until the rated speed is reached. Beyond the rated speed of the motor, the torque will decrease proportionally with speed, resulting in a constant output power (rated power).
The load torque, T l , decreases in proportion to speed and hence the motor develops the same amount of electromagnetic torque, T m , to balance the operation of motor-load system. Electromagnetic torque high peaks are observed at the electronic commutation of the inverter. Figure 17 shows the three-phase currents of the motor. The start-up current is high, but once the speed reaches its steady value, the current decreases to its rated value. At t = 1 s, load torque is decreased, and then the current value decreases proportionally. When the motor torque or speed changes the current evolution shows an overshoot at the same time, due to the transient regime.
The DC link voltage is maintained at its reference value. The obtained three-phase PMSM stator currents are balanced and sinusoidal.
Moreover, this figure shows that the rated currents of the motor, at low solar irradiation (G = 200W/m 2 and G = 100W/m 2 ), Figure 12 (a), are higher than the currents developed by the Boost Converter, Figure 13 . This is why the battery becomes operational to compensate for the decrease in the current generated by the PV generator, caused by the low solar irradiation level.
Conclusions
In this paper, a simulation analysis of PMSM drive for a SV powered by a GPV is achieved. A dynamic PMSM model, which is simulated suitable for SV drive system, is developed.
The objective of the proposed investigation was to maintain a constant output DC voltage for the boost with use of the MPPT under variable solar irradiation and temperature. The closed-loop PI controller using FOC was used to control the speed and torque of the PMSM drive. The three-phase inverter was simulated using IGBT switching. The modulation technique used was SVPWM.
The obtained results show that the speed torque characteristics of the PMSM drive have very good transient and steady state characteristics suitable for driving SVs. The proposed control schema is designed successfully for closed-loop PI operations of the PMSM drive system, so that the motor runs at the reference speed under variable solar irradiation.
In future works a complete model of the propulsion system will be developed through a combination between mechanical and electrical control systems.
